A reflection-based fibre-optic refractive index sensor using surface plasmon resonance (SPR) in a thin metal film sputtered on a bare core of a multimode optical fibre is presented. The sensing element of the SPR fibre-optic sensor is the core of a step-index optical fibre made of fused silica with a gold film double-sided sputtered on the whole core surface, including the core end face. Consequently, a terminated reflection-based sensing scheme to measure the refractive indices of liquids is realized. The sensing scheme uses a wavelength interrogation method and the refractive index of a liquid is sensed by measuring the position of the dip in the reflected spectral intensity distribution. As an example, the aqueous solutions of ethanol with refractive indices in a range from 1.333 to 1.363 are measured. In addition, the increase in the sensitivity of the SPR fibre-optic refractive index sensor with the decrease of the fibre sensing length is demonstrated.
INTRODUCTION
The concept of optical sensing of various physical quantities based on surface plasmon resonance (SPR) phenomenon [1] - [3] has been proved to be very useful over the last several decades. Surface plasmons are charge density oscillations of conduction electrons -surface plasma waves -coupled to electromagnetic excitations propagating along the boundary between metal and dielectric material. Such waves are basically transverse magnetically polarized surface waves so that they can be resonantly excited only by a p-polarized incident light wave. The field of plasmons decays exponentially in the direction perpendicular to the boundary [4] , in the metal as well in the dielectric material. When a specific resonance condition is fulfilled, maximum power of the incident light wave is coupled to the surface plasmons and the power carried by transmitted light wave drops down. Consequently, a sharp minimum (dip) is observed in the transmission spectrum. The resonance condition is highly sensitive to variations in the refractive index of surrounding medium (analyte). This mechanism gives the possibility to sense the changes of the refractive index of the analyte (usually liquid) via the shift of the dip in the transmission spectrum.
Because the excitation of surface plasmons by a light wave incident directly from air is not possible, the early sensing set-ups were based on the use of optical prisms. As an example, using the Kretschmann configuration, the base of a prism of high refractive index is coated with a thin metal film and the surface plasmons are excited in the metallic film by attenuated total reflection (ATR) mechanisms. The prism itself played the role of a coupling element between the evanescent wave excited on its base and the surface plasmons under the condition that the light beam incident angle exceeds its critical value. The evanescent wave passes through the thin metal film and the surface plasmons are excited at film lower boundary where the metal is in contact with the investigated analyte. SPR sensing can be performed in angular or spectral domain (angular or wavelength interrogation). In the angular interrogation, a monochromatic beam is used and the resonance angle shift is observed. In the wavelength interrogation, the resonance wavelength shift is observed.
The devices based on prism coupling exhibit high sensitivity and accuracy, but they are rather bulky and expensive, so they are mostly used in laboratory conditions. Naturally, optical fibre technology can be used to overcome these disadvantages and push the SPR sensing technology toward the industrial conditions. Sharing the same coupling mechanism based on the ATR, the prism coupler can be replaced by a bare optical fibre core covered by a thin metal layer. Because it is not possible to perform the detection in angular domain as in the case of prism-based devices, the SPR fibre-optic sensors are operated in a spectral domain observing the resonance wavelength shift.
The fibre-optic sensors find a wide range of applications due to their simple structure, compact size, high accuracy and sensitivity. A large number of theoretical and experimental sensing schemes using a metal layer deposited on a bare core of an optical fibre have been reported [5] - [13] . In transmissionbased implementations of fibre-optic SPR sensors [5, 9] , [10] - [13] , the cladding/buffer layers are removed from the middle portion of the fibre and on the bare core is deposited a thin metal film, which is further surrounded by the analyte. Light from a white-light source is launched into one end of the fibre while the SPR spectrum is recorded at the other end of the fibre. The analyte is sensed via the shift of the dip in the transmission spectrum. In reflection-based implementations of fibre-optic SPR sensing schemes [5] - [8] , the sensor utilizes a microfabricated mirror at the end of the fibre probe to reflect the light back through the fibre.
The first implementations of the SPR sensing structures were based on silver or gold layers mostly [5] - [13] , because these metals exhibit sufficiently high free-electron density essential for effective excitation of surface plasmons. Although the structure based on a silver film is more sensitive, gold is still in favour because it offers better chemical stability. The performance of the sensor using other metals can be influenced by an unwanted oxide layer formed at the boundary exposed to the atmosphere. In order to avoid such degradation, the metal layer has to be protected by some overlayer [14] , which can also be subject of naturally induced oxidation [15] . In addition, various attempts have been made to improve the sensitivity of the fibre-optic SPR sensors [7, 16, 17] and novel configurations with side-polished [18] or tapered optical fibres [19, 20] have been proposed. More recently, fibre-optic sensor implementations with thin films of the SPR supporting layers deposited by sputtering [21] were considered.
In this paper, a reflection-based fibre-optic refractive index sensor using an SPR in a thin metal film sputtered on a bare core of a multimode optical fibre is presented. The sensing element of the SPR fibre-optic sensor consists of a fused silica core of a step-index optical fibre with a gold film doublesided sputtered on the whole core surface. Thus, the thin film deposited also on the core end face of the fibre enables a reflection-based sensing scheme to be employed in measurement of the refractive indices of liquids. The sensing scheme uses a wavelength interrogation method and the refractive index of a liquid is sensed by measuring the position of the dip in the reflected spectral intensity distribution. The SPR fibre-optic sensor has been used to measure the aqueous solutions of ethanol with refractive indices in a range from 1.333 to 1.363. In addition, the increase in the sensitivity of the SPR fibre-optic refractive index sensor with the decrease of the fibre SPR sensing length is demonstrated.
EXPERIMENTAL

Fibre-optic SPR sensor
For the fabrication of the fibre-optic SPR sensor, a polymerclad-silica (PCS) multimode optical fibre (QSF A 200, Quartz Products Corp.) with a core diameter of 200 µm and numer- ical aperture of 0.22 was used. The sensing probe was fabricated by first mechanically removing 12 mm in length of the buffer and cladding layers of the fibre. The resultant sensing area was then chemically cleaned.
The gold thin film on the fused-silica fibre core was prepared by radio-frequency magnetron sputtering (see Figure 1) . A commercially available sputtering device (Leybold-Heraeus Z 550) was used with a partial pressure of argon of 150 mPa, a high frequency power of the magnetron of 50 W and a frequency of 13.56 MHz. The sputtering from a high purity (99.95%) gold target was performed and the duration of deposition was so long to reach a 50 nm thickness. Thickness of the deposited gold film was measured on a glass plate (trial sample) by using an optical profilometer (Taylor Hobson, Ltd). A double-sided deposition technique was used to prepare the SPR layer as shown in Figure 1 . Because of the geometry of the sputtering system, a gold layer of approximately 100 nm thickness was deposited directly onto the fibre end face to realize a terminated reflection-based fibre-optic SPR probe. The layer on the fibre end face, which acts as a mirror, is of sufficient thickness to provide adequate reflectivity, and not to support SPR at the end of the fibre. The sensing area of the probe is defined by an SPR supporting metal layer in contact with the optical fibre core free from the surrounding cladding/buffer layer.
Test analyte
As a test analyte, aqueous solutions of ethanol were prepared. The concentrations of the ethanol solutions were 0 (distilled water), 1.25, 2.5, 5, 10, 20, 30, 40, 50, 60 and 80 weight percent (wt.%). The refractive indices of the solutions were independently measured at a wavelength of 589 nm by a digital refractometer (AR200, Reichert). The corresponding refractive indices of 1.3329, 1.3335, 1.3343, 1.3359, 1.3390, 1.3454, 1.3515,  1.3563, 1.3594, 1.3617 and 1.3634 , respectively, were obtained at a temperature of 24.5 • C. 
Experimental set-up
The experimental set-up used in measurements of SPR reflection spectra is shown in Figure 2 . Light from a whitelight source, a halogen lamp (HL2000, Ocean Optics, Inc.), is launched into a multimode fibre splitter (SPLIT200-VIS-NIR, Ocean Optics, Inc.). One arm of the fibre splitter is connected to a fibre-optic probe with the terminated sensing part 12 mm long. The broadband light is transmitted through the probe to the sensing part where it is reflected by the fibre end face covered by the gold layer and goes back up the fibre-optic probe to the fibre splitter. The output arm of the fibre splitter is connected to a compact fibre-optic spectrometer (USB4000, Ocean Optics, Inc.) to measure an SPR reflection spectrum in a wavelength range from 400 nm to 1000 nm.
Experimental method
All the SPR reflection spectra of the terminated SPR fibre-optic sensor were measured for the test analyte and were normalized by a reference spectrum. This was an air spectrum, since there was no SPR excitation in the considered wavelength range (400-1000 nm). A correct normalized SPR spectrum was measured by the spectrometer employing the relation
where I anl (λ), I air (λ) and I bkg (λ) are a test analyte spectrum, an air spectrum and a background spectrum, respectively. To find a resonance wavelength corresponding to minimum in the reflection spectrum (dip), smoothing with 50 computing points was performed on each spectrum to reduce the highfrequency noise.
EXPERIMENTAL RESULTS AND DISCUSSION
First, the reflection spectra of the SPR fibre-optic sensor probe were measured for the whole length (12 mm) of the fibre sensor exposed to the aqueous solutions of ethanol with refractive indices ranging from 1.3329 to 1.3634. Figure 3 shows the measured normalized reflection spectra with varying refractive index of the analyte. It is clearly seen that the reflection spectrum corresponding to a particular refractive index of the analyte has a sufficiently pronounced dip. Thus, the end face mirror layer is of sufficient optical quality for reflection-based measurements. The dip is with a deeper resonance for a higher refractive index and the wavelength of the dip, the resonance wavelength, shifts to longer wavelengths with increasing the refractive index of the analyte.
One of the advantages of our arrangement of the SPR fibreoptic sensor is the possibility to vary the length of the fibre probe immersed in the analyte. A mini laboratory jack was used to lift the cell with the analyte so that the length of the fibre probe immersed in the analyte can be changed (see Figure 2) . To reach a constant length of the immersed part of the probe during measurements, the level of the aqueous solution in the cell was inspected optically.
Next, the SPR reflection spectra were measured for a 9 and 5 mm immersed length. As an example, Figure 4 shows the normalized reflectivity spectra measured for the 5 mm long fibre sensor exposed to the aqueous solutions of ethanol. Once again, the SPR reflection spectra have sufficiently pronounced dips with a deeper resonance for the higher refractive index.
To compare the effect of the different sensing lengths of the SPR fibre probe on the measurement results, the SPR reflection spectra for the lowest and highest refractive index of the analyte are plotted in Figure 5 when the sensing length of the fibre is 12 or 5 mm. The longer sensing length gives rise to the spectrum exhibiting a deeper resonance. This is due to increasing number of reflections taking place in the longer sensing part of the fibre. Moreover, the response characteristic is wider for the longer sensing length and the resonance wavelength is shifted to shorter wavelengths.
This shift is also illustrated in Figure 6 , showing the measured resonance wavelength as a function of the refractive index of the analyte for all three sensing lengths of the fibre probe. The corresponding fitting functions (second-order polynomials) are shown in the same figure by solid lines. It is clearly seen that the resonance wavelength is with a greater shift for a lower refractive index. Similar behaviour, which differs from a steep increase of the resonance wavelength at higher refractive indices [6] , was revealed for a transmission-based SPR sensor with a double-layer uniform-waist tapered fibre [22] .
The non-linear response in Figure 6 indicates that the sensitiv- ity S, defined as the change of the position of the dip δλ D with respect to the change of the refractive index δn of the analyte, expressed in refractive index units (RIU), is RIU-dependent, with a higher sensitivity for lower RIUs. The corresponding sensitivity S of the fibre-optic SPR sensor to the refractive index is evaluated by using equation
and it is plotted in Figure 7 . The sensitivity is decreasing with RIU and reaches a higher sensitivity at lower RIUs. This dependence differs from increased sensitivity at higher RIUs for SPR sensors with a fully symmetric metal layer deposited on the fibre core [5] - [7] . The shorter the sensing length of the fibre probe the higher the sensitivity and for 12 mm length of the sensing fibre it reaches 1433 nm/RIU at 1.3549 RIU.
CONCLUSIONS
In this paper, a reflection-based fibre-optic refractive index sensor using SPR in a thin metal film deposited by sputtering on a bare core of a PCS multimode fibre has been presented. The sensing element of the SPR fibre-optic sensor is a fused silica core of a step-index optical fibre with a double-sided deposited gold film. The gold film is deposited not only on the core surface but also onto the core end face so that a reflectionbased sensing scheme to measure the refractive indices of liquids can be utilized. A wavelength interrogation method is used and the refractive index of a liquid is sensed by measuring the position of the dip in the reflected spectral intensity distribution. The sensing scheme has been applied to measure the refractive index of the aqueous solutions of ethanol in a range from 1.333 to 1.363 corresponding to the concentration in a range from 0 to 80 wt.%. In addition, it is demonstrated that when the fibre SPR sensing length decreases, the sensitivity of the SPR fibre-optic refractive index sensor increases.
The main advantages of the realized fibre-optic SPR refractive index sensor include a reflection-based sensing scheme and possibility to change the sensitivity in a simple way. Moreover, the end face mirror layer required for reflection-based sensor can be deposited together with the SPR layer in one simple process (magnetron sputtering) without the need of more sophisticated techniques such as thermal evaporation, electron beam evaporation, etc.
